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in Cu-Au subtype "porphyry" magma systems that were gen-
erated from mafic amphibolites (in the absence of carbonaceous
material), where total S contents of 2 or 3 moles per kilogram
of H2O (/SO2//H2S as high as 10) may be produced. Tin
subtype "porphyry" magmas, on the other hand, appear to have
been generated mainly from carbonaceous metasedimentary
rocks; hence, they tend to yield fluids with much lower/SO2/
/H2S and total sulfur contents.

The molal concentration of Cl in a magmatic aqueous phase
is about 40 times that in a coexisting melt (Kilinc and Burnham,
1972). Except for silica, chloride complexes commonly consti-
tute the major portion of the total dissolved solutes. For this
reason, the relative proportions of the various major chloride
complexes and the manner in which these proportions respond
to changing conditions of equilibrium are important factors in
understanding such apparently diverse phenomena as mineral
zoning in pegmatites and high-temperature hydrothermal al-
teration patterns in porphyry Cu deposits.

The major aqueous chloride complexes in equilibrium with
typical granite melts are NaCl, KC1, and HC1, with NaCl and
KC1 constituting about 90 percent of the total, and the molal
ratio of NaCl to KC1 is the same as the molal ratio of Na to K
in the melt (Burnham, 1979). However, with the appearance
of a mineral such as muscovite, which contains both K and
hydrogen, the HC1 content decreases markedly, the KC1 con-
tent decreases, and the NaCl content increases to maintain the
chloride stoichiometry. As a consequence, NaCl/KCl in the
aqueous phase becomes greater than Na/K in the melt. The
relative proportions of the various chloride complexes even in
this relatively simple system are complexly dependent on both
bulk melt composition and the nature of the coexisting min-
erals.

In a cornpositionally more complex system, such as a gran-
odiorite magma, chloride complexes with Ca (CaCl2) and es-
pecially Fe (FeCl2 and FeCl3) must be included as major aqueous
species (MgCl2 is always a very minor constituent). The addition
of these two constituents to the melt-volatile system does not
affect the HC1 content or the equality between NaCl/KCl and
Na/K in the melt, but the sum of NaCl and KC1 is reduced by
two or more times the molal concentration of Fe and Ca, In
fluids coexisting with melt, plagioclase, and magnetite at high
pressures, Fe chlorides and CaCl2 are present in subequal
amounts and, together, complex about 20 percent of the total
chloride. At low pressures (500-1000 bars), on the other hand,
only about 5 percent of the chloride is complexed as CaCl2,
but in either NaCl or KC1 solutions more than 30 percent of
the total Cl can be complexed with Fe.

Another important difference between the granite and gran-
odiorite systems is the role of hydrous minerals. In contrast to
the granite systems, where precipitation of K-bearing micas
causes NaCl/KCl in the aqueous phase to be greater than 1
(irrespective of Na/K in the melt), early crystallization of Na-
bearing hornblende in granodipritic magmas causes NaCl/KCl
to shift markedly in the opposite direction, toward values much
less than 1, even where the ratio of Na to K in the melt is
greater than 1. In the presence of both hornblende and boitite,
as might be expected, NaCl/KCl is close to unity, irrespective
of the corresponding ratio in the melt. Thus, the relative pro-

portions of the major chloride complexes in the magmatic aqueous
phase are strongly dependent on melt composition, pressure,
and the nature of the coexisting mineral assemblage.

The high ratio of K to Na in aqueous chloride solutions
coexisting with hornblende-bearing magmas provides a possi-
ble explanation for the extensive K metasomatism (potassic
alteration) that is characteristically associated even with K-poor
dioritic porphyry Cu bodies. On the other hand, the relatively
high concentrations of HC1 in the aqueous phase, prior to the
appearance of hydrous minerals, may account for the occur-
rence of topaz in some pegmatites and Sn greisens, as well as
the occurrence of andalusite in some porphyry Cu-Mo alter-
ation haloes. Also, the very high concentrations of Fe in the
magmatic aqueous phase, especially at low pressures, may ac-
count not only for contact metasomatic skarn ores in carbonate
wallrocks but also for the overwhelming abundance of pyrite
in most porphyry copper ores.

Little is known about the partitioning of most ore metals
between magma and aqueous chloride solution. By analogy
with Mn and Zn, which are partitioned in favor of the aqeuous
phase by a factor of about two times the molal concentration
of chloride squared (Holland, 1972), it is expected that elements
more chalcophile than these two would be partitioned even
more strongly toward the aqueous phase. Therefore, aqueous
chloride solutions in which the fugacity of SO2 is approximately
that of H2S should be effective in scrubbing a magma and its
immediately superjacent roofrocks of their valuable metal con-
tent.

HYDROTHERMAL PROCESSES

With falling temperatures or marked decreases in internal fluid
pressures, transitional chemical processes give way to those
hydrothermal processes that are dominated by crystal-volatile
equilibrium. The boundary between these two regimes, ar-
bitrarily defined as the H2O-saturated solidus of the magma,
may be relatively sharp in some systems and highly gradational
in others. The relatively sudden brittle failure of the wallrocks
in a porphyry Cu system, for example, may cause part of the
system to pass rather abruptly from one regime to the other.
In a pegmatite system, on the other hand, both regimes may
coexist in different parts of the system and "communicate" with
each other through the volatile phase. Indeed, the coexistence
of the two intercommunicating regimes apparently is essential
to the development of mineralogic zoning in pegmatites and,
hence, to the concentration of many pegmatite ores. Also, the
largely closed hydrothermal circulation system established at
this stage of pegmatite formation is believed to be ultimately
responsible for the localization of gem minerals, as well as
minerals rich in Sn, Ta, Nb, U, Th, and the rare earths.

The comparatively more rapid passage of the magmatic aqueous
phase into the hydrothermal regime of a developing porphyry
Cu-Mo fracture system generally leads to conditions of gross
disequilibrium between the fluids and cooler wallrocks. The
nature of this disequilibrium, however, is dependent on the
initial conditions of equilibrium in the magmatic system, as
well as on the nature of the wallrocks and the extent to which
temperature and pressure decrease. Aqueous chloride solu-